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Abstract Zinc metallopeptidases that contain the His-Glu-Xaa-
Xaa-His (HEXXH) motif generally have a third ligand of the
metal ion that may be either a Glu residue (in clan MA) or a His
residue (in clan MB) (Rawlings and Barrett (1995) Methods
Enzymol. 248, 183^228). Thimet oligopeptidase has not yet been
assigned to either clan, and both Glu and His residues have been
proposed as the third ligand. We mutated candidate ligand
residues in the recombinant enzyme and identified Glu, His and
Asp residues that are important for catalytic activity and/or
stability of the protein. However, neither of the Glu and His
residues close to the HEXXH motif that have previously been
suggested to be ligands is required for the binding of zinc. We
conclude that thimet oligopeptidase is not a member of clan MA
or clan MB and it is likely that the enzyme possesses a catalytic
site and protein fold different from those identified in any
metallopeptidase to date. The definitive identification of the third
zinc ligand may well require the determination of the crystal-
lographic structure of thimet oligopeptidase or one of its
homologues.
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1. Introduction
Thimet oligopeptidase (EC 3.4.24.15) is a cytosolic zinc
peptidase that is widely distributed in cells of eukaryotic or-
ganisms (reviewed in [1]). The enzyme hydrolyzes peptides in
the size range 5^17 amino acid residues [2,3]. Many reports
have suggested that natural substrates of the enzyme are bio-
logically active peptides including enkephalin precursors, bra-
dykinin, luliberin and neurotensin, but it seems equally possi-
ble that the major substrates are oligopeptides produced
inside the cell in the course of protein turnover. These would
include peptides generated by the proteasome, some of which
become antigenic when presented in the context of an MHC I
complex [4]. The restriction of the activity of thimet oligopep-
tidase to substrates containing not more than 17 amino acid
residues may be an adaptation that prevents it from causing
proteolytic damage in the cytosol where it seems to exist in a
fully active state with no natural inhibitor.
The thimet oligopeptidase family of metallopeptidases (M3)
also contains neurolysin (EC 3.4.24.16), saccharolysin (EC
3.4.24.57), mitochondrial intermediate peptidase (EC
3.4.24.59) and bacterial peptidases such as oligopeptidase A
(EC 3.4.24.70) and peptidyl-dipeptidase Dcp (EC 3.4.15.5)
[5,6]. These enzymes perform important functions in both
prokaryotic and eukaryotic organisms, and it is desirable
that their enzymology is well understood. However, nothing
is known directly of the structure of the catalytic site as no
crystallographic structure is yet available for any member of
the family. Conserved throughout the sequences is the motif
His-Glu-Xaa-Xaa-His (HEXXH) (Fig. 1). The HEXXH motif
is found in many other families of zinc metallopeptidases also,
and most of these can be placed in one of two clans. A clan is
a group of families of peptidases that are distantly related and
thus share similar protein folds, and the clans into which the
HEXXH metallopeptidases are placed are termed MA and
MB [7]. In the peptidases of both clans the His residues of
the HEXXH motif provide two of the amino acid side chains
that coordinate the catalytic zinc atom, but a third ligand is
required and the nature of this distinguishes clans MA and
MB. In clan MA, example peptidases from which are thermo-
lysin (EC 3.4.24.27) and neprilysin (EC 3.4.24.11), the third
ligand is a Glu residue, and it is located 18 to 72 residues C-
terminal to the HEXXH motif. In contrast, in clan MB con-
taining astacin (EC 3.4.24.21) and stromelysin (EC 3.4.24.17),
the third ligand is a His (or very occasionally Asp), and with
few exceptions it is much closer to the HEXXH motif, being
the third His in the motif ‘HEXXHXXGXXH’ [7,8].
Much is known about the catalytic sites of peptidases in
clans MA and MB, including many crystallographic struc-
tures, so it would be very helpful to be able to link the thimet
oligopeptidase family to one of these clans. This has been
attempted in the past, with links to both clans being postu-
lated. Thus thimet oligopeptidase has been described as ‘ther-
molysin-like’ [9] because it contains a residue Glu-501 that is
25 amino acids C-terminal to the HEXXH motif (see Fig. 1),
and in support of this, site-directed mutagenesis of the residue
corresponding to Glu-501 in mitochondrial intermediate pep-
tidase inactivated the enzyme [10]. An alternative proposal
about the relationships of the family has been made by the
curators of the SWISSPROT database (Release 36). The an-
notations to the sequence records for thimet oligopeptidase
(e.g. P24155) and mitochondrial intermediate peptidase
(e.g. P51980) indicate that His-479 is a catalytic residue,
presumably on the basis of similarity to the motif ‘HEXXH-
XXGXXH’ that occurs in clan MB (see above).
The purpose of the present study was to re-examine the
question of the third zinc ligand in thimet oligopeptidase by
mutagenesis of candidate residues including the two that have
been proposed, His-479 and Glu-501. All zinc ligands known
from peptidases containing the HEXXH motif are Glu, His or
Asp, so it was reasoned that the third ligand would probably
be a residue of one of these amino acids that is conserved in
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all active peptidases of family M3. The potential zinc ligands
were selected as shown in Fig. 1.
2. Materials and methods
2.1. Materials
cDNA c44 for thimet oligopeptidases described in [11] had been
given earlier by Dr. J.L. Roberts, and the expression construct pEX-
TOP was produced in our laboratory [12]. The expression vector pT7-
7 for the prokaryotic system [13] was a gift of Dr. P. Ca¡rey (Depart-
ment of Biochemistry, University of Cambridge). Escherichia coli
strains were DH5K (Life Technologies) and BL21(DE3)pLysS (Stra-
tagene). Culture media 2TY and Terri¢c Broth (TB) were prepared as
described [14].
A⁄nity-puri¢ed polyclonal antibody to rat thimet oligopeptidase
was as previously [15]. The substrate 7-methoxycoumarin-3-carboxyl-
yl-Pro-Leu-Gly-Pro-Lys (2,4-dinitrophenyl) (QF02) was purchased
from Dr. C.G. Knight (Department of Biochemistry, University of
Cambridge) or Calbiochem/Novabiochem. The isotope 65ZnCl2 (spe-
ci¢c activity 37 MBq/mg zinc) was purchased from Amersham Life
Science Products.
2.2. Mutagenesis and vector construction of thimet oligopeptidase
mutants
Mutagenesis was performed by PCR site-directed mutagenesis gen-
erally as described by Picard et al. [16] but with modi¢cations. Muta-
genic primers shown in Table 1 were based on the targets of interest in
the thimet oligopeptidase sequence. Polymerase Pfu was used for all
PCR reactions with a typical run of 95‡CU1 min, 48‡CU1 min,
72‡CU2 min for 20 cycles. PCR was ¢rst performed using a muta-
genic primer, the downstream primer of thimet oligopeptidase (5P-
GCGTCCTAGGCACCAGCGAGGTGGCCAAAAGTGGCTGGC-
3P), and the cDNA c44 as the template to generate a megaprimer. The
megaprimer and the upstream primer (5P-CCGCGAATTCCA-
GAACCTGCTGAAGGAGTACTTCCC-3P) were used for the sec-
ond run of PCR, with c44 as the template, to generate an 870 bp
product containing the mutated nucleotide(s). This product was puri-
¢ed from the agarose gel by use of the Gene Clean kit (BIO 101) and
double digested with MluI and KpnI. The corresponding sequence was
removed from wild-type pEXTOP by treatment with the same en-
zymes to generate pEXTOP-(MluI/KpnI). The digested, mutated
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Fig. 1. Selection of targets for mutagenesis in recombinant rat thimet oligopeptidase. The partial alignment of sequences of a selection of pepti-
dases from family M3 showing all of the residues of Asp, Glu and His that are conserved throughout all of these sequences. The alignment is
numbered according to rat thimet oligopeptidase, and the same numbering scheme is applied to amino acids in the other members of the family
throughout the present paper. All residues of Asp, Glu and His are highlighted (gray background) as is Cys-482. The conserved residues are la-
beled in the boxes below, as are also Glu-486 that was used as a control and Cys-482. The labels for the residues that were subjected to muta-
genesis are ¢lled in gray. The sequences are those of (a) rat thimet oligopeptidase, (b) human thimet oligopeptidase, (c) pig thimet oligopepti-
dase, (d) pig neurolysin, (e) rat neurolysin, (f) rabbit neurolysin, (g) saccharolysin, (h) rat mitochondrial intermediate peptidase, (i) human
mitochondrial intermediate peptidase, (j) Saccharomyces cerevisiae mitochondrial intermediate peptidase, (k) Escherichia coli peptidyl-dipeptidase
Dcp, (l) Salmonella typhimurium peptidyl-dipeptidase Dcp, (m) Escherichia coli oligopeptidase A, (n) Salmonella typhimurium oligopeptidase A
and (o) Haemophilus in£uenzae oligopeptidase A.
Table 1
Mutagenic primers
Mutants Primers
D413A GTTCTACCTCGCCCTGTACC
H472R CCTACTTCCGCGAGTTCGGGC
E473D ACTTCCACGACTTCGGGCACG
H476R GAGTTCGGGCGCGTCATGCACC
H479D CACGTCATGGACCAGCTCTGC
H479R CGTCATGCGCCAACTCTGCTCACAGG
C482A GCACCAGCTCGCCTCACAGGC
C482S CACCAGCTCAGCTCACAGGC
E486D GCTCACAGGCAGACTTTGCTATG
D498A GTGGAGCGGGCATTTGTGGAG
E501A GGGACTTTGTGGCGGCACCGTC
E501Q GGGACTTTGTGCAGGCACCG
E508Q CACAGATGCTGCAGAACTGG
H523Q GTCCCAGCAGTACCGCACAGG
D560A CCAAGGTAGCTCAGGTCCTG
H564A GGTCCTGGCCACACCGACAG
H564R CAGGTCCTGCGCACACAGACAG
Codons for the mutated residues are underlined, and the bolded char-
acters represent the base changes introduced. Nucleotides CAA (dou-
ble underlined) in H479R encode a silent mutation.
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PCR product was ligated into pEXTOP-(MluI/KpnI) to produce the
pEXTOP mutants. Plasmid DNA of the pEXTOP mutants was
propagated in E. coli strain DH5K. The sequences of all mutated
constructs were con¢rmed by DNA sequencing [17].
2.3. Expression of recombinant wild-type and mutant forms of rat
thimet oligopeptidase
The recombinant wild-type and mutant thimet oligopeptidases from
the pT7-7 vector were expressed in E. coli strain BL21(DE3)pLysS
[13]. Brie£y, a single colony of each transformant was picked from
2TY/agar plates containing ampicillin (100 Wg/ml) and chlorampheni-
col (33 Wg/ml) and grown in 2 ml of 2TY medium with ampicillin and
chloramphenicol. After 6 h the culture became turbid and PCR using
thimet oligopeptidase-speci¢c primers was performed to con¢rm that
the cells were bearing plasmid pEXTOP (wild-type or mutants). The
cells were centrifuged, resuspended in 2 ml of fresh Terri¢c Broth (TB)
containing appropriate antibiotics, and stored at 4‡C overnight. The
cell suspension (0.5 ml) was used to inoculate 50 ml of TB and grown
until the OD600 reached 0.6. Protein expression was induced by addi-
tion of IPTG to 0.4 mM, and cells were harvested 4 h later. Cells were
suspended in 50 mM Tris-HCl, pH 7.8, containing 0.1 mm ZnCl2, and
0.05% BRIJ 35 and lysed by three cycles of freeze/thaw. Nucleic acids
were removed by precipitation with protamine sulfate (2 mg/ml ¢nal
concentration) and centrifugation. Expression of the recombinant thi-
met oligopeptidase protein in the cell lysate was analyzed by immu-
noblotting developed with polyclonal anti-rat thimet oligopeptidase
antibody.
Recombinant wild-type and E508Q mutant forms of thimet oligo-
peptidase were expressed on a large scale and puri¢ed to homogeneity
as described previously [12].
2.4. Detection of catalytic and zinc-binding activities
The enzymatic activities of wild-type and mutant thimet oligopep-
tidase preparations were measured £uorometrically by use of the
quenched £uorescence substrate QF02 [1].
For determination of binding of zinc, recombinant thimet oligopep-
tidase was partially puri¢ed from bacterial lysates by ion exchange
chromatography with the Pharmacia FLPC system. The Mono Q
column (HR5/5) was equilibrated with 20 mM Tris-HCl, pH 7.8,
0.05% BRIJ 35, 0.1 mM ZnCl2. The column was washed with the
starting bu¡er and bound proteins were eluted with a gradient of
0^300 mM NaCl in the bu¡er over 25 min. Fractions enriched
in thimet oligopeptidase were identi¢ed either by £uorometric assay
or by Western immunoblotting and were subjected to zinc-binding
analysis as described below.
Zinc binding was determined as described [18]. Samples were par-
tially puri¢ed preparations as described above together with puri¢ed
recombinant thimet oligopeptidase expressed from the wild-type and
E508Q constructs and thermolysin, a known zinc metallopeptidase, as
a positive control. The samples were run in SDS/PAGE and the pro-
teins were transblotted to nitrocellulose [19]. The nitrocellulose was
incubated in 10 mM Tris-HCl pH 7.5 for 1 h, followed by a second 1
h incubation in 40 ml of 10 mM Tris-HCl, pH 7.5, containing 0.1 M
KCl and 50 WCi 65ZnCl2. The blot was then washed in 10 mm Tris-
HCl, pH 7.5, 0.1 M KCl (200 ml) ¢ve times, 15 min each. The blot
was dried and exposed to Fuji RX ¢lm at 370‡C for 48^72 h and the
autoradiograph was processed for detection of bound 65Zn. Two iden-
tical blots were prepared for each sample, one being used for the zinc-
binding assay and the other for immunodetection of thimet oligopep-
tidase to correlate the protein with the zinc-binding activity.
3. Results and discussion
3.1. Targets for site-directed mutagenesis of thimet
oligopeptidase
When the sequence of thimet oligopeptidase was aligned
with those of several other members of peptidase family
M3, a conserved HEXXH motif was evident (residues 472^
476) together with a number of conserved Glu, Asp and His
residues (Fig. 1). Accordingly Asp-413, His-472, Glu-473, His-
476, His-479, Asp-498, Glu-501, Glu-508, His-523, Asp-560
and His-564 were selected as targets for mutagenesis. Asp-
335 and His-599 were not examined because they are much
further from the HEXXH motif than any third ligand so far
known. Glu-486 is not conserved throughout the family but it
was selected as an additional control target. Cys-482 was also
mutated in the light of the proposal that this residue might be
responsible for the thiol dependence of the enzyme [11]. Re-
placement amino acids were selected in the light of the secon-
dary structure of each mutant predicted by the PEPTIDE-
STRUCTURE program of the GCG package [20]. Only for
E508Q and H479D was any signi¢cant change in structure
from the wild-type predicted.
3.2. Protein expression and enzymatic activity of thimet
oligopeptidase mutants
Constructs for mutants D413A, H472R, E473D, H476R,
H479D, H479R, C482A, C482S, E486D, D498A, E501A,
E501Q, E508Q, H523Q, D560A, H564A and H564R were
generated and expressed as described in Section 2. Fig. 2A
shows the Western immunoblot of the lysates from bacteria
expressing the wild-type and mutant enzymes. The wild-type
and all mutant recombinant proteins appeared as bands with
the predicted mass of 78 kDa together with some degraded
fragments also recognized by the antibodies. The controls for
the bacterial strain and the vector produced no immunoreac-
tive material. The mutant proteins E473D, H479D, H479R
and H564R were less stable than the others during storage
at 4‡C.
For the determination of the activity of the mutated forms
of thimet oligopeptidase at least two clones were used for each
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Table 2
Activities of mutant thimet oligopeptidases
Clone Relative activity (%)
Controls
BL21(DE3)pLysS 0
PT7-7 vector 0
Wild-type 100
‘HEXXH’
H472R 0
E473Da 0
H476R 0
Histidine
H479Da 2
H479Ra 2
H523Q 60
H564Ra 0
H564A 40
Glutamate
E486D 100
E501A 0
E501Q 1
E508Q 250
Aspartate
D413A 0
D498A 0
D560A 0
Cysteine
C482A 100
C482S 50
Cells of E. coli strain BL21(DE3)pLysS carrying the wild-type (pEX-
TOP) and mutant constructs were induced for protein expression, and
lysates of the cells were assayed for enzymatic activity. The activity
from the cell lysate of each mutant was compared to that of the wild-
type enzyme, which was assigned an arbitrary value of 100. At least
two clones were used for each mutant and activities were assayed on
at least three separate occasions. The ¢gures shown are means of the
results.
aUnstable during storage.
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mutant and activities were assayed on at least three separate
occasions. The mean relative activities are shown in Table 2.
The mutants H472R, E473D, and H476R were catalytically
inactive, consistent with the expectation that His-472 and His-
476 in the HEXXH motif are zinc ligands and Glu-473 is
catalytic [21].
The additional mutants of histidine all showed low to mod-
erate activity. When His-479 was replaced by Asp or Arg
activity became very low, but was nevertheless detectable.
Both proteins were unstable. Mutant H523Q was active at
60% of the control level. The mutant H564R was totally in-
active and unstable, but H564A retained 40% of the activity
of the wild-type. It appears that His-479 and His-564 are
important for the proper folding of thimet oligopeptidase,
but none of the conserved residues His-479, His-523 and
His-564 is essential for catalytic activity. His-479 is probably
too close to the HEXXH motif to serve as the third ligand
(since this would require an excessively sharp turn in the poly-
peptide chain between His-476 and His-479), and indeed the
H479R mutant of yeast mitochondrial intermediate peptidase
was previously found to be partially active [10].
The two conserved Glu residues at positions 501 and 508
were mutated, as was the non-conserved Glu-486. Not sur-
prisingly, the E486D mutant was fully active, and served sim-
ply as a control. E501A was totally inactive, but values for
E501Q were consistently above zero. Taken together with the
previous report that a mutant of mitochondrial intermediate
peptidase equivalent to E501D was inactive [10], these data
indicated that Glu-501 might contribute to the catalytic activ-
ity of thimet oligopeptidase. In striking contrast, mutant
E508Q was superactivated to 250%. The E508D mutant of
yeast mitochondrial intermediate peptidase had been found
to be fully active [10].
Replacement of Asp-413, Asp-498 and Asp-560 with Ala
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Fig. 2. Expression of mutant forms of thimet oligopeptidase and their binding of zinc. A: The recombinant forms of the enzyme were ex-
pressed as described in Section 2, and cell lysates (V60 Wg of total protein) were subjected to SDS/PAGE and Western immunoblot analysis.
Control samples included the puri¢ed recombinant thimet oligopeptidase (TOP), bacterial strain (BL21) and bacteria transfected with the vector
alone (Vector). All mutants expressed the intact protein of 78 kDa identical to that of the wild-type (WT). The expressed protein from mutant
H564R was unstable and became partially degraded during storage. B: Analysis of 65Zn binding to wild-type and mutant thimet oligopeptidase.
Samples were run in SDS/PAGE and transblotted to nitrocellulose paper. The blot was incubated in 65ZnCl2 solution and processed for autora-
diography as described in Section 2. Control samples were thermolysin (10 Wg), puri¢ed wild-type and E508Q mutant thimet oligopeptidase
(WT[P], E508Q[P], each 5 Wg) and lysates from the bacterial strain (BL21) and bacteria transfected with vector alone (Vector). The experimen-
tal samples (40 Wg protein) were partially puri¢ed preparations from lysates of bacteria expressing the wild-type enzyme and the mutated forms
as labeled.
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resulted in a total loss of activity in each case, even though the
mutant enzymes were expressed in intact form. The D498E
mutant of mitochondrial intermediate peptidase has been re-
ported to be active however.
Both the C482A and C482S mutants were enzymatically
active. Moreover, both showed normal thiol dependence in
the form of activation by dithiothreitol and inhibition by N-
phenylmaleimide (data not shown). This supports the conclu-
sion of Shrimpton et al. [9] that Cys-482 is not responsible for
the thiol dependence of thimet oligopeptidase despite its prox-
imity to the catalytic site.
3.3. Zinc-binding activity of the mutants
Partially puri¢ed protein of mutants H472R, E473D,
H476R, H479D, E501A, E501Q, and E508Q was evaluated
for zinc-binding activity with 65Zn, in comparison to the wild-
type enzyme and thermolysin. The autoradiograph (Fig. 2B)
shows the expected binding of zinc by wild-type thimet oligo-
peptidase and the active E508Q mutant. Also seen is loss of
zinc binding in mutants H472R and H476R, consistent with
the expectation that these two residues are the zinc ligands in
the HEXXH motif. The inactive mutant E473D bound zinc as
expected since it is known for other HEXXH metallopepti-
dases that this residue is involved in catalysis but not zinc
binding [21]. However, mutants H479D, E501A and E501Q
all retained the ability to bind zinc, indicating that although
important for the catalytic activity of the enzyme, neither His-
479 nor Glu-501 is the third ligand of the metal ion as has
been suggested previously.
4. Conclusions
Both Glu-501 and His-479 have previously been suggested
to be the third ligand of zinc in the thimet oligopeptidase
family of metallopeptidase, which might have allowed the
family to be assigned to clan MA or clan MB respectively.
However we have found that mutants in both residues retain
trace levels of catalytic activity, and more importantly, still
bind 65Zn. We therefore think it unlikely that either is in fact
the expected ligand. Several of the other residues of histidine,
glutamate and aspartate that were replaced led to loss of
catalytic activity, but some of these e¡ects may well have
been due to perturbation of the structure of the molecule.
We conclude that the metallopeptidase of family M3 appa-
rently do not belong in clan MA or clan MB, and may well
possess a quite distinctive catalytic site geometry and thus
represent a unique clan of metallopeptidases. The elucidation
of the details of this may well await the determination of a
crystallographic structure.
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